The use of vegetative propagation in forestry has a long history. In this chapter of special issue, the genetic gain from clonal forestry relative to family forestry is reviewed. Both theoretical studies and experimental data from progeny and clonal trials indicate that extra genetic gain (5-25%) is possible in conifer from clone testing and deployment relative to deployment of family forestry, effectively doubling that achievable from family forestry within the same generation. There are three perceived risks from using clones in forestry: (1) risk of plantation failure, (2) risk of diversity loss at the forest and landscape levels, and (3) risk associated with success rate of vegetative (or SE) propagation. Three theoretical models are reviewed and described to assess risk and to determine the number of clones required to mitigate these risks. All studies support that a "safe" number of clones is between 5 and 30. Genetic gains and experiences are reported for individual species, particularly in conifers, as well as in Eucalypts. The combination of genomic selection with somatic embryogenesis has the potential to accelerate the development of clonal forestry by shortening clonal testing or omitting long-term clonal testing completely.
Introduction
The benefits of vegetative propagation were recognized long ago (1500 years) in China for Chinese fir (Cunninghamia lanceolate) (Huang and Lan 1988) and at least 800 years ago in Japan for sugi (Cryptomeria japonica) (Toda 1974) . Superior trees with ideal characteristics were multiplied by using rooted cuttings, thanks to the relative ease of vegetative propagation in these species. The risks were generally not visible or recognized by local farmers who would establish rather small patch plantings with rooted cuttings. Vegetative propagation of poplar also has a long history in Europe. Organized clonal forestry started in the beginning of the twentieth century and monoclonal plantations have become common forms of land use in southern Europe. Despite this long history, vegetative and clonal propagation for large-scale industry plantations was only implemented in 1970s and 80s for poplar, and for tropical and subtropical eucalypts (Libby and Ahuia 1993) . The risks of clonal forestry was generally recognized around the same time (Libby 1982) .
Development and implementation of clonal forestry is more successful in several hardwood species, particularly in tropical and subtropical Eucalypts (Rezende et al. 2013 ) and temperate popular and willow (Zsuffa et al. 1993) due to their relative ease of vegetative propagation and short rotation. Nearly 50% of current eucalypt forests are clonal in Brazil. By combining genetic and silvicultural improvements, and clonal selection for propagation, the average productivity of eucalypts plantation was improved from 25-30 m /ha/year in some areas. The benefits, risks, and technical requirements were reviewed recently by Rezende et al. (2013) and Griffin (2014) for Eucalypts. We will focus this review mainly on conifers.
For coniferous species, large-scale utilization of vegetative propagation of superior trees was a huge challenge due to maturation, before the development and adoption of SE (Somatic embryogenesis) (Hakman et al. 1985; Park 2002) . A recent review of SE in European forestry indicated two main challenges to utilize clonal forestry in Europe (LeluWalter et al. 2013 ): (1) cost; and (2) public acceptance. While not a significant factor currently, public acceptance could become very significant if the use of clonal forestry does not adequately address the long-term impact on genetic variation. To assess the cost issue of clonal forestry, there needs to be a critical demonstration of genetic superiority including growth and other traits relative to current family forestry using seedlings or vegetative propagated cuttings. A complete evaluation of cost structures using clones relative to family forestry by discounted cash flow for economic benefits is also desirable. If such an evaluation can demonstrate economic advantages using clonal forestry, a consequential analysis should address the potential risk of clonal deployment relative to family forestry in terms of long-term plantation survival and productivity, as well as ecological and social concerns.
Such risk analyses had already been conducted before SE was developed for coniferous species. We will review and summarize genetic gain (benefits), potential risks of clonal plantation development, realized genetic gain and number of deployed clones in several successful clonal forestry programs worldwide.
For deployment of clones in Swedish forestry, long-term genetic diversity at landscape, regional and species levels is important, since Swedish forestry does not establish pure plantation forests, but rather integrates planted forest regeneration operations with mixed objectives of production and conservation. The quantification of clonal forestry relative to family forestry in terms of diversity is therefore critically important.
Quantification of genetic gains from clonal forestry
Genetic gains from tree improvement progress with the advancement of generations and selection intensity. Within the same generation, higher genetic gain is usually accompanied by intensity of selection and propagation method. The genetic gain usually progresses as:
(1) Seeds collected from open-pollinated seed orchards that have not been rogued. (2) Seeds collected from open-pollinated seed orchards that have been rogued based on progeny testing. (3) Seeds collected from control-pollinated (CP) full-sib families in seed orchards or archives where parents have been selected based on genetic tests (termed "CP family forestry"). Currently, CP full-sib family seeds are usually used to create donor-plant hedges to increase production of improved material by vegetative propagation (termed "Family forestry with vegetative propagation"). (4) Propagules from single or multiple well-tested clones created through vegetative propagation (Clonal forestry). In clonal forestry, clones are usually selected from clonal trials.
In this chapter, we mainly deal with category 4, clonal forestry with tested clones, and with category 3, when controlpollinated families are deployed by vegetative propagation. There are several advantages of using vegetative propagation of tested elite clones in clonal forestry. One of them is deployment of greater genetic gain (Libby and Rauter 1984) , as clonal selection captures non-additive genetic variances, in addition to the full additive variance (Mullin et al. 1992) . To quantify the genetic gain of clonal forestry relative to family forestry, additive and non-additive genetic variances need to be estimated in designed experiments. Theoretical partitioning of genetic variance was established more than half century ago by Cockerham (1954) and Comstock and Moll (1963) , and these principles were adapted to forestry (Burdon and Shelbourne 1974; Mullin et al. 1992 
To fully estimate all three variance components and associated heritability in the narrow-sense (ĥ 2 , additive genetic variance only) and in broad sense (Ĥ 2 , all genetic variance), genetic trials including family and clonal identification are required. Estimates of genetic gain from clonally replicated trials in conifers were initially started in 1980s, but there are rather few reliable estimates. Genetic variance and broad-sense heritability are expected to be higher than the corresponding additive variance and narrow-sense heritability, if there is significant non-additive genetic variance. The usual range of the ratio h 2 / H 2 is reported from 0.18 to 0.84 (s 2 D /s 2 A 4.56-0.19) for tree traits McKeand et al. 2008; Wu et al. 2008; Bian et al. 2014 Early estimates ofĤ 2 in Norway spruce were from clone tests where the clones were selected from commercial nurseries. For example,Ĥ 2 was estimated from 0.12 to 0.44 for tree height for Norway spruce (Bentzer et al. 1989; Karlsson and Högberg 1998; Karlsson et al. 2000 ), but it is not possible to compare withĥ 2 , since there was no family structure in the trials. Lindgren (2008) speculated about 10% extra gain from clonal selection relative to family forestry.
Genetic gain for tree height was estimated between 10% and 25% from similar clone trials in Germany, Denmark, Norway and Finland (Bentzer 1993) at different selection intensity. When using the best ten percent of clones after field tests, estimated genetic gain varied between 15% and 25% in Sweden (Karlsson 1993) and 13-19% in Finland (Lepistö 1993) .
In black spruce (Picea mariana) clone trials with family structure, it was observed thatĤ 2 = 0.14 was higher than h 2 = 0.05 (s 2 D /s 2 A 1.6) for height at age 10 (Mullin and Park 1994) , with the extra genetic gain from clonal selection almost equal to genetic gain based on half-sib and full-sib family selection. Similarly, non-additive genetic variance was estimated to be about 50% greater than the additive variance at age 6, but reduced to about 20% of the additive variance at age 14 in white spruce (Picea glauca) clone trials (s 2 D /s 2 A 1.46 and 0.20 respectively (Weng et al. 2008) . Bian et al. (2014) summarized narrow-sense and broadsense heritability from 16 published studies in Chinese-fir, with a grand mean of 0.37 ofĥ 2 relative to the averagê H 2 of 0.73. One of most extensive studies of clone trials was in radiata pine (Pinus radiata) whereĤ 2 = 0.26 for DBH was substantially higher thanĥ 2 = 0.14, resulting in the non-additive variance being just slightly less than the additive variance (s 2 D /s 2 A 0.86). The top 5% of clones was estimated to yield 24% genetic gain, an improvement of more than 100% over family forestry at the same selection intensity (Baltunis et al. 2009 ). In a comparison of 38 studies in radiata pine, broad-sense heritability estimates were higher than narrow-sense heritability, particularly for diameter at breast height (average 0.39 versus 0.21), indicating there is considerable non-additive genetic variance that should be exploited in breeding and deployment programs for P. radiata (Wu et al. 2008) .
In loblolly pine (Pinus taeda), the ratios of dominance to additive genetic variance were from 76% to 112% (s 2 D /s 2 A 0.76-1.12) at age 6 for tree height, DBH and volume from seedling experiments, but the ratios were lower than 76% from clone trials. Fusiform rust incidence appears to be partially under additive and epistatic genetic control. The epistatic genetic variance was about 20% greater than the additive genetic variance (s 2 I /s 2 A 1.21) at age 4 and was about one-half of the additive variance at age 6 (Isik et al. 2002) . Volume gain over the family mean by choosing the best clones from each family was estimated to be 12.6% in another loblolly pine clone trial (McCall and Isik 2003) . The top clone of the 45 clones tested, yielded 39.8% more volume than the grand mean. The top five and the top ten clones had 30% and 23% more volume gain than the grand mean, respectively. Young clone testing in loblolly pine estimated that genetic gain from the best clones selected from the ten best families was almost double (20%) than selection based on the best families (10%) (Baltunis et al. 2007 ). In Sitka spruce (Picea sitchensis), s There are a number of genetic field tests with somatic seedlings reported for, among others, Douglas-fir (Pseudotsuga menziesii) and white spruce (O'Neill et al. 2005; Dean 2008 Dean , 2010 Dean et al. 2009; Wahid et al. 2012 ). These tests include from 40 to 300 SE-clones from 2 to 14 families, planted on 2-5 sites. These materials involved selected families and are perhaps too small for good estimates of population genetic parameters and gain estimates. Nevertheless, these field experiments demonstrate good survival, and development of somatic seedlings, and the genetic parameters for within-family components.
These studies reviewed above suggest that extra genetic gain (5-25%) is possible in conifer from clone testing and deployment, effectively doubling that achievable from family forestry within the same generation. The difference on the estimated extra gain is mainly due to the size of population, number of clones within-family tested, accuracy of the progeny testing, ratio of additive to non-additive genetic variances. Therefore, the difference on the extra genetic gain from clonal trials does not related with the genetic gain uncertainty. If compared at the same time when progeny for family forestry are available by crossing the tested clones, the difference is only due to non-additive effects since the additive effect is forwarded to the progeny. Additional clone testing with family structure, particularly in Norway spruce is recommended for more credible estimates of the gain from clonal forestry relative to family forestry.
There may be differences from theoretical gain or gain estimated from tested trials and the realized gain in commercial clonal plantation. Various experimental designs may also affect the gain estimation. However, gain comparison from clonal plantation relative to family forestry plantation is rare. In Rezende et al. (2013) paper, it indicated that 25% higher realized gain in volume as compared to seedlings in commercial plantation on average for Brazil's hybrid eucalypts.
Risk assessment
There are three perceived risks from using clones in forestry:
(1) risk of plantation failure, (2) risk of diversity loss at the forest and landscape levels, and (3) genetic gain risk associated with success rate of propagation. Serious risk assessment of clonal planting materials on plantation failure was started in 1980 with the question "what is a safe number of clones per plantation" (Libby 1982) . Risk is also associated with genetic gain. A single clone would have the largest gain, but with the largest risks, while mixed seedlings from natural forests would have no gain, but the lowest risk. A compromise is necessary to balance these two factors.
Three theoretical bases have been used to estimate the number of clones required to mitigate risk: (1) the singlegene and risk of plantation failure approach; (2) genetic sampling theory, loss of adaptive genetic diversity and genetic gain approach; and (3) modeling and computer simulations of pest attack and genetic diversity approach.
By using the single-gene approach, it has been shown that the probability of plantation failure is very sensitive to gene action (dominant or recessive) and to the frequency of a virulent gene in a disease or pest (Roberds et al. 1990; Roberds and Bishir 2007) . The differences in probability of failure among risk levels are very small when using between 13 and 25 clones. An infinite number of clones actually corresponds quite well with an effective population size of N e = 25 clones. It is important to realize that for most situations in forestry, we will not know what the future risks are from unknown biotic threats, in terms of the genetic system that may threaten the stand in the future (i.e. the gene action of the resistance gene or the gene frequency). The interesting result of this approach is that including more than 20-40 clones does not provide any greater reduction in risk Roberds 1995, 1997) .
Using genetic sampling theory, the loss in heterozygosity or additive genetic variation was a function of effective population size N e , which can be described as 1-(1/ (2N e ) ). An effective size of about 10 individuals provides approximately 95% of the original genetic variation in the population in the first generation. An effective population size of 20 could maintain about 80% variation after ten generations (Roberds et al. 1990 ). To maintain individual stand fitness under Swedish conditions, there is a recommendation that must recognize two distinct requirements for stand vitality: (1) a critical level of gene diversity, and (2) a critical number of genotypes discouraging the spread of selective damaging agents and fully utilize site resources. The recommendation is to use 25 clones in a mixture with a minimum gene diversity expressed by status effective number N s = 4 (Lindgren 2008) . This resembles the gene diversity of two infinitely large full-sib families with four unrelated parents or one large half-sib family, i.e. one mother and an infinite number of fathers. In the long run over breeding generations, a clone mixture with N s = 4 maintains 87.5% of the original gene diversity.
The small loss in genetic variance is largely due to an increase in homozygosity with a concomitant loss of lowerfrequency alleles. Low-frequency alleles cannot provide much protection to wild populations, although they are important for conserving evolutionary potential. The conservation of these lower-frequency genes is an important part of the genetic conservation program, so management of non-clonal and natural forests remains important with implementation of large-scale clonal forestry.
Recent modeling for situations of more complex resistance (multiple resistances affected by multiple genes) of currently known or unknown future pests provided significant refinement and confirmation of the results from single-gene models (Yanchuk et al. 2006) . The results are consistent even for different types of clone mixtures (e.g. Random Mix, Single Clone Blocks, and Mosaic of Clone Blocks). Approximately 18 genotypes approach an "optimum" or safe number for reducing risk to some unknown future biotic threat, although the differences between 6, 18 and 30 genotypes are relatively small. The authors conclude that these figures may be general enough for many species where detailed information is not available or for those with longer rotation ages.
All three theoretical studies point to the same general conclusion reached by Dr. Libby 30 years ago -increasing the number of genotypes beyond a certain number does little to reduce risk of loss: 5-30 clones provide as much "safety" as would be experienced in an infinitely large population (e.g. a wild stand) and an optimum level of diversity might exist around 18 effective genotypes and a minimum could be somewhere around six.
There are genetic gain risks in clonal forestry. Genetic gain calculated theoretically from genetic parameter can only be achieved if 100% propagation success is realized whether using cutting or somatic embryogenesis (Haines and Woolaston 1991) . With the decrease of propagation success, the clonal genetic gain will decline. For example, with 50% propagation success rate and 1% selection intensity (selecting the best two trees from a population of 200 trees), only about 85% of potential full extra gain can be achieved. Therefore, no matter how good the growth, adaptation and wood properties of a tree, it cannot be used as an operational clone unless it can be propagated economically (Griffin 2014 ).
Realized gains from clonal forestry in conifers
Estimation of genetic gain from clonal forestry above that achievable from family forestry is essential to evaluate the benefits of clonal forestry economically. Following are some examples from a general survey of several major plantation species other than Norway spruce in Sweden.
Radiata pine in New Zealand and Australia
Approximately 2.5-5 million clonal radiata pine trees were sold in New Zealand each year, out of a total tree seedling market of 45-68 million between 2008 and 13, about 4-11% as clones. In Australia, approximately 20 million radiata pine trees were produced with the majority as rooted cuttings from donor hedges, created from elite full-sib families, with several hundred clones now in field tests (Find et al. 2014 , Mike Carson 2013 .
Clonal forestry is mainly promoted by two companies in New Zealand and Australia: Forest Genetics (www.forestgenetics.com) and ArborGen Australasia (www.arborgen.co. nz), with each of them producing about 20 new clones each year from field testing. Forest Genetics estimated that genetic gain of tested clones over control-pollinated families was in the order of 15-20% for volume growth, 25% for acoustic velocity (stiffness), and 10-15% for average wood density. A subset of clones had increased Dothistroma resistance (foliar retention) up to 40% relative to controls.
The radiata pine clones were sold as rooted cuttings in New Zealand, where the price range was about NZD 650-720 (SEK 3700-4200) per 1000 trees, compared with NZD 340-450 (SEK 1950-2600) for CP produced seedlings, and NZD 280-320 (SEK 1600-1830) for OP orchard produced trees. The preliminary economic analyses indicate that a NPV (30 years at 8%) of NZD 2180 per ha (SEK 12,500) with the additional cost of about NZD 300 per ha (SEK 1700) for improved seedlings in clonal forestry (Mike Carson 2013, personal communication) .
Loblolly pine in the southeastern USA About 843.5 millions of (down from over 1 billion before the recession of the first decade of this century) tree seedlings per year were planted by 32 cooperative members with 87.1% consisting of loblolly pine, according to a recent survey of three pine tree improvement cooperatives in the Southeast USA (McKeand et al. 2015) . About 95% of plantations were established using genetically improved material. The vast majority of stands are planted with OP families (84%), about 8% with specific crosses or full-sib families, and about 2% with tested clone varieties. Advanced seedling deployment can provide specific families that are 40-60% more productive than unimproved loblolly pine. Controlled-cross full-sib families of loblolly pine have become a significant component of loblolly pine regeneration. Since 2000, the annual production of full-sib seedlings has increased to 63.2 million seedlings in 2013, with a total of over 325 million full-sib family seedlings planted over the last 14 years (Steve McKeand 2014, personal communication) . Realized net present values of USD 124 to over USD 741 (SEK 1000-6000) per hectare across a range of productivity and silvicultural management regimes were projected for planting the best genotypes in family forestry (McKeand et al. 2003) . Financial benefit from clonal forestry is rarely documented. According to ArborGen published catalogue data, the net present value of a clone variety (AGV VAR) reached about USD 3346 (SEK 27,500) per hectare, compared to USD 2819 (SEK 23,000) from deployment of the best mass controlled-pollinated family (MCPE) according to their calculation. The seedling price was listed as USD 320 (SEK 2600) per 1000 trees for clone variety relative to USD 205 (SEK 1700) per 1000 trees for the MCPE (SuperTree seedling 2004 (SuperTree seedling -2005 .
Other conifers
In Scotland, Sitka spruce is the main plantation conifer, and the Scottish Forestry Commission has had a long-term interest in vegetative propagation and clonal forestry (http://www. forestry.gov.uk/fr/ggae-548g6t), although no clonal forestry is currently practiced with tested clones. For new plantations, 75% seedlings are from open-pollinated seed orchards and 25% from controlled-pollinated full-sib families using vegetative propagation by rooted cuttings, i.e. family forestry with vegetative multiplication. It is estimated that about eight million cuttings were deployed annually (Steve Lee 2015, personal communication) . In Ireland, up to 3 million rooted cuttings are produced annually from SE stock plants, i.e. using the concept of family forestry with vegetative multiplication (Thompson 2013) .
In British Columbia (https://www.for.gov.bc.ca/hre/forgen/), clonal forestry is not yet practiced for conifer species, but clone tests exist for several species, including yellow cedar, western hemlock, and interior spruce (Michael Stoehr 2015, personal communication) .
In New Brunswick, clone trials were evaluated for white and black spruce, but no clonal forestry has yet been implemented on crown land (Yunhui Weng 2015, personal communication) . In the private sector, JD Irving Limited has been active in SE since 1995 and has focused on producing many lines for cryopreservation and initial testing. The company has tested more than 2000 varieties (clones) in field tests, mainly for white spruce and Norway spruce. Large variation among varieties within the same full-sib family has been observed and, by selecting the top 20% of varieties, an incremental gain of 10-15% in volume relative to traditional seed orchard seeds was achievable. Significant improvement with respect to branch size, stem straightness, and resistance to white pine weevil were also observed. About 250,000 varietal trees from SE were produced, out of a total of 15-20 million seedlings per year (Greg Adams 2015, personal communication). A white spruce clone trial at age 10 using 233 clones from 27 families planted at 3 locations produced about 48% gain in volume relative to seed orchard seeds when the best 10-30 clones were selected (http://treebreedex.eu/IMG/pdf/ VegProp_0409_pres_Park_YS.pdf).
We also contacted other conifer forestry companies including Coillte Ltd in Ireland, Weyerhaeuser in USA, and Hancock Queensland Plantation (HQP) in Australia. These companies have long-term and extensive interests in clonal forestry and some of them have several series of clone testing (such as HQP), although current status is not available due to intellectual property issues or trade secrets.
The major issue limiting the application by industry of clonal forestry in conifers is the propagation cost, particularly using SE. For example, the emblings of loblolly pine in 2008 cost five to six times that of comparable seedlings, while European experiences with spruce and pine suggests the difference may in fact be closer to eight to ten times (Lelu-Walter et al. 2013 ). The Swedish technology suggests doubling cost using SE relative to seedling (Ola Rosvall 2015, personal communication). All these costs need to be balanced against the advantages, which include a shorter time to get improved material into commercial use.
Realized clonal forestry gain in eucalypts
Many hardwood species can maintain juvenility after a period of progeny testing, such that tested material can be readily propagated. This has facilitated successful clonal forestry with such species. We use the eucalypts (Eucalytus) as examples of successful implementation of clonal forestry in hardwood species.
Eucalypts in Brazil.
There is about 4.5 million ha of eucalypt plantations in Brazil and the planted area is still expanding. The superiority of E. grandis × E. urophylla hybrid combinations and easy propagation of selected clones have made clonal forestry with eucalypt hybrids a successful textbook example of tree breeding and propagation. The documented genetic gains were hard to find. The problem was that a huge gain was made early on by simple mass selection of some rare recombinants found in commercial stands planted in the 70s and 80s (Dario Grattapaglia 2013, personal communication) . These seeds were collected in early species/provenance/ progeny trials, including the famous Rio Claro stands that were introduced at the beginning of the twentieth century. Bison et al. (2006) reported that inter-specific hybrid progenies between E. grandis × E. urophylla had a performance 38.7% greater than the mean of the intra-specific progenies, with respect to growth trait of circumference at breast height (CBH). With similar genetic gain from clone selection, the total genetic gain could be substantial from the hybrid in combination with clone selection. The first selected clones by Aracruz (for which they received the Wallenberg Prize) had gains well above 100% when compared to the commercial stands at the time, easily yielding some 30-40 m 3 /ha/yr compared to the average of 10-15 m 3 /ha/yr for the very low-yielding and variable stands planted with unimproved seeds (Dario Grattapaglia 2013, personal communication) . After this initial success, gain was incremental and currently the average volume growth of industrial plantations is around 45 m 3 /ha/yr and up to 65 on the best sites. In a large, publicly traded company Fibria, which produced about 5 million metric tonnes of eucalypt pulp in 2014, the plantation productivities increased from 6.4 tonnes of pulp per ha per year in the 70s, to 10.6 tonnes in 2000, through the introduction of uniform and elite clones since 1980. It was further increased to 11.9 tonnes of pulp in 2012 and is headed for 15 tonnes by 2025 (Wu 2015) .
From 10 to 14 clones were planted annually for 5-8 years for most enterprises in Brazil. Rezende et al. (2013) reported that 25% higher realized gain in volume as compared to seedlings in commercial plantation on average. They also recommended two to five new clones every three or four years with a full replacement of the clonal portfolio every 10-15 years. With regard to diseases and abiotic threats, cloning is believed to be a solution rather than a problem. The appearance of new diseases such as canker, rust fungi and drought damage has been occurring, but cloning has been seen as the fastest solution, mainly because of the existence of genetic variability of eucalypt resources for the resistance to majority of diseases. Up to now, there are no records of catastrophes that could be attributed exclusively to the use of cloning.
Eucalypts in China. Eucalypt planting in China is another successful story for hardwood clonal forestry. There were only about 300,000 ha of eucalypt plantation in 1970, slowly increased to 400,000 ha in 1980 and 700,000 ha by the mid-1990s. Following the success of the Dongmen project (Dongmen Forestry Farm, Guangxi province, 1982 -1989 on demonstrating the introduction, hybridization and clone selection of eucalypts, the area of eucalypt plantations in China increased rapidly to about 1.5 million ha in 2005 and to about 3.7 million ha in 2012. It was estimated that more than 2.6 million ha were established with Dongmen clones (mainly 17 clones), with an estimate that about 80% of the plantation area was with five clones from the DH32 family (Huang et al. 2012) . At Dongmen, the main commercial clone testing began in 1991 using selections from a 1988 hybrid family trial where the popular hybrid families DH32 (E. urophylla U16 × E. grandis G46) and DH33 (U16 × G33) were discovered. A special clone trial established in 1992 using 90 clones demonstrated that hybrid clones (especially those between E. urophylla and E. grandis) were far superior to clones from pure species in growth, and also more superior than previous locally made clones and those of E. grandis × E. urophylla clones that came from Aracruz in Brazil (Huang et al. 2012) .
With the deployment of new hybrids, the productivity of eucalypt plantations in China has increased from less than 7 m 3 /ha/yr, prior to the mid-1970s, to an average of 10-12 m 3 /ha/yr, by the late 1980s. Since that time, the advent of clonal forestry and improved silvicultural practices has raised the average productivity to about 20 m 3 /ha/yr (Arnold 2005) . At the same time, rotation length has decreased from more than 10 years down to 6-7 years, and even shorter in some areas with an annual return of CNY 1548 (SEK 1935) per ha.
At the Dongmen demonstration planting, the best clones from families DH32 and DH33 had yielded an MAI of 35.31 m 3 /ha/yr when they were harvested at age seven years. A plantation using clone DH32-29 at Dong Guang Forest Farm near the APP pulp mill in Hainan Island on a basaltic soil reportedly produced an MAI of 67 m 3 /ha/yr at age five. Among the 17 most popular clones for commercial planting in the last 15 years, there were 7 clones from the DH32 family and 3 from DH33. The genetic base was therefore very narrow for the majority of current China eucalypt plantations. The popularity of clones from DH33 family has declined, because of susceptibility to bacterial wilt and canker, and use of clone DH201-2 has been largely discontinued because of insect attack. Therefore, it would be ideal to renew clones more frequently and increase the number of diverse clones for future plantation.
But not all Eucalypts species are suitable for clonal forestry, and for some species with less rooting ability or in marginal and environmentally constrained regions, family forestry with clonal propagation or seedling propagation may be more economical and sustainable (Griffin 2014) .
Genomic selection and clonal forestry
Genomic selection (GS) was initiated using all genome-wide dense markers without association testing in dairy cattle (Meuwissen et al. 2001) . The GS facilitates the rapid selection of superior genotypes and accelerates the breeding cycle. GS has been successfully introduced into tree breeding in recent years (Resende et al. 2012; Lin et al. 2014; Bartholome et al. 2016 ) with GS efficiency similar as phenotypic selection if training population is closely related with selection population. The advantage using GS in clonal selection is that GS selection can be conducted in very early stage of seedlings or newly germinated seeds. This may eliminate the longtime clonal testing needed in conifers. Therefore, a combination of GS with somatic embryogenesis has the potential to accelerate the development of clonal forestry.
Conclusion and recommendation
(1) Theoretically, an extra genetic gain of 5-20% is possible in conifers from clone testing and deployment beyond the gain obtainable from family forestry, calculated using estimated genetic parameters. The difference on the extra gain is mainly due to the size of population, number of clones within-family tested, accuracy of the progeny testing, and does not related with the uncertainty. The theoretical gain may be reduced if successful propagation rate is less than 100%. (2) Realized genetic gains of 10-25% from clonal forestry trials have been observed for conifers above those from family forestry based on trials, but there is little information on the number of clones deployed in commercial plantations and on the realized gain from commercial clonal plantation in conifers. (3) For hardwood species, as illustrated by eucalypts clonal forestry, realized genetic gains of 25-50% were observed with commercial deployment of few, intensively selected clones. About 5-14 clones were typically used for new eucalypt plantations. (4) All three theoretical studies on the number of clones required to guard against potential biotic threats point to the general conclusion that increasing the number of genotypes beyond a certain number does little to reduce risk of loss. It seems that 5-30 clones provide as much "safety" as would be experienced in an infinitely large population, and that the optimum level of diversity might be around 18 clones, with a minimum of around 6.
(5) To implement clonal forestry and family forestry with vegetative multiplication in Norway spruce and other species, estimating additive and non-additive genetic variances from existing family/clone trials is recommended to confirm the projections of benefits of clonal forestry relative to family forestry. Planting of robust yield trials with appropriate controls is also recommended. (6) It is also recommended that relative propagation and plantation costs of various propagule types (seedlings and rooted cutting versus SE) should be estimated, and that whole-rotation cost/benefit analyses with discounted cash flows should be carried out for Norway spruce and other species. (7) The potential long-term loss of diversity at the landscape and species levels should be investigated using population genomic tools (clonal versus family forestry versus wild). (8) The existing breeding and testing program could be improved or tailored with the implementation of clonal forestry by the SE technology. Combination of genomic selection at seedling or germinated seed stage and SE may greatly facility development of future clonal forestry, particularly in conifers.
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